A B S T R AC T: Ochre sediments from acid mine drainage in Cornwall have been investigated using X-ray diffraction, thermal methods, infrared spectroscopy, X-ray photoelectron spectroscopy, transmission electron microscopy and chemical methods in order to determine their mineralogical and chemical composition. Fresh sediments consist of ferrihydrite and goethite. Large fractions of these minerals are dissolved by the ammonium oxalate treatment reflecting their poorly crystalline structure. Fresh sediments contain large amounts of surface-adsorbed SO4 (up to 9.3%) which is readily desorbed by the PO4 treatment. Goethite is the only mineral present in relatively older sediments and the mineral is well crystallized with rod-shaped morphology. Environmental conditions, such as pH and SO4 content, are not favourable for the presence of schwertmannite at the site. Iron minerals appear to be precipitating around filamentous algae and the shape of algae is preserved in the Fe oxide matrix. The ubiquitous presence of algae in close association with Fe minerals indicate their possible role in the crystallization of Fe oxides.
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Acid mine drainage (AMD) is produced by the atmospheric oxidation of Fe sulphides (primarily pyrite) and is potentially the most acidifying natural process. It mainly occurs in areas of active and abandoned coal and metal-ore mining areas and is a tong-term pollution problem. High concentration of Fe, Mn, many other heavy metals and SO4 typically dominate the drainage seep as well as the receiving streams.
Oxidation of Fe sulphides and the production of AMD is a complex biogeochemical process involving several redox reactions and microbial (Nordstrom, 1982) . However, it is now well established that the oxidation of Fe 2+ to Fe 3+ is primarily catalysed by the acidophilic chemolithotrophic bacteria genus Thiobacillus and, without these bacteria, AMD would be a far less severe environmental problem (Nordstrom, 1982) . The oxidation of Fe 2+ followed by hydrolysis of Fe 3+ occurs subsequently, resulting in the precipitation of Fe-rich sediments. These sediments have often been called amorphous Fe(OH)3 with the misused synonym ferrihydrite, mostly because of its poor crystallinity (Filipek et al., 1987; Ferris et al., 1989) . Other Fe minerals identified in AMD sediments are goethite, jarosite, lepidocrocite and feroxyhite (Crosby et al., 1983; Brady et al., 1986; Filipek et al., 1987; Milnes et al., 1992) . Concentrated acid mine waters often lead to effiorescences consisting of soluble sulpbates of Fe, e.g. melanterite, rozenite, szomolnokite and copiapite (Nordstrom, 1982) . Recent studies by Bigham and co-workers have led to the discovery of a new mineral, schwertmannite, with a general formula Fe808(OH)6SO4, in AMD sediments from many countries (Brady et al., 1986; Bigham et al., 1990; Bigham et al., 1992; Bigham et al., 1994; Murad et al., 1994) . They also suggested that the occurrence of schwertmannite is considerably more widespread in AMD sediments than previously recognized. Several environmental factors such as water content, degree and rate of oxidation, time, pH, oxidation state of Fe, rate of Fe supply, concentration of SO4 and alkali cations can influence the species of Fe minerals formed (Bigham, 1994; Bigham et al., 1996a,b) .
In AMD environments, Fe minerals are major solid substrates and they play a very important role in controlling the concentration of heavy metals and other toxic elements in these waters (Tessier et al., 1985; Singh et al., 1997) . An understanding of the secondary weathering environment in mineralized areas is valuable not only in predicting the possible pollution problems from mining activities but is also useful in the exploration of buried deposits. In view of the variability in the mineralogy of ochre precipitates and their high reactivity and high sorption capacity for heavy metals this study was undertaken to examine the mineralogy of ochre sediments from AMD in Cornwall, UK.
MATERIALS AND METHODS

Site description and .field measurements
The ochre sediments were collected from near West Chiverton Mine, a disused Pb-Cu-Zn mine in Cornwall, UK. The host rocks comprise Devonian slates with subordinate sandstone and conglomerate (Dines, 1956) . The main ore minerals are galena (rich in Ag), sphalerite and chalcopyrite, with quartz being the main gangue mineral. Pyrite is also known to be present in minor amounts within the mineral body at the mine site. The ochre sediments are >1 m thick and deposited over an area of-200 m 2 around a spring, and it lies -100 m away fi'om the abandoned mine site. The loose suspensions, soft deposits and associated water samples were collected from several places and depths in January, July and November of 1994. The pH, Eh and Fe 2~ concentration of water samples were measured on the site. The Eh measurements were made with a combination polished Pt electrode using freshly prepared standard solutions for calibration. The Fe 2+ was determined in the field using the procedure outlined by Rump & Krist (1988) . Water samples were filtered through a 0.22 pm pore-size membrane and acidified with HCI for heavy metal analysis in the laboratory. Anions were determined using ion chromatography (Dionex P/N 038260) on samples that were filtered but not acidified.
Laboratory procedures
Chemical analysis. Solids were separated by gravity sedimentation, dialysed to remove soluble salts and then freeze dried. Total S and C were analysed by the combustion procedure using a Leco Model SC-444 instrument. For total Fe (Fet) analysis, samples were digested in a mixture of HF and HC104 and Fe concentration was measured with a Perkin Elmer 3030 atomic absorption spectrometer. The oxalate extractable Fe (Feo) was determined after shaking the sample in the dark with 0.2 M ammonium oxalate (pH 3.0) for 4 h using 1:50 solid solution ratio (McKeague & Day, 1966) .
X-ray difjraction. X-ray diffraction (XRD) of the mine drainage precipitates was undertaken using a micro-processor controlled Philips PW1710 diffractometer employing graphite diffracted monochromatic Cu-Kcx radiation (40 kV and 20 mA). Sodium chloride was used as an internal standard for the measurement of correct peak positions and XRD line broadening due to the small crystal size. The Scherrer formula was used for calculating the mean crystal dimensions (MCD) for various reflections of goethite (Klug & Alexander, 1974) .
Thermal analysis. Simultaneous differential thermal analysis (DTA), thermogravimetric (TG) and derivative thermogravimetric (DTG) analyses were obtained using a Stanton Redcroft STA-780 instrument by heating 20 mg samples at a rate of 10~ min 1 in flowing air.
X-rav photoelectron spectroscopy. For X-ray photoelectron spectroscopy (XPS) samples were prepared in two ways, sedimented aggregates from aqueous solutions and also pressed disks from powders, both types of sample being mounted on Ni stubs. Spectra were recorded in a VG Escalab spectrometer using A1-K~ radiation with an AI window running at an energy of 40 mA, 10 kV. Etching was done within the spectrometer by bombarding VG AgS2 argon ion for 2 rain with an energy setting of 9 kV and a target current of 10 gA. Initial scans over the binding energy range of 0-1000 eV binding were collected to get an overall picture and separate scans of 50 eV were collected for S (S2p), O (O1~0, Fe (Fe2p) and P (P2p).
Electron and optical microscopy. For transmission electron microscopy (TEM), small amounts of powdered samples were dispersed in deionized water in an ultrasonic bath and a drop of dilute suspension was dried onto a carbon film supported on a 200 mesh Cu grid. The specimens were examined on a Siemens 102 transmission electron microscope at an accelerating voltage of 100 kV. For selected area electron diffraction (SAED) apertures were chosen such as to select areas of either 0.5 gm (small aperture) or 2 gm (intermediate aperture) diameters in the specimen plane. A thin film of A1 was used to calibrate the camera length and measurements were made directly from the negatives.
For optical microscopy, wet mounts of loose suspensions were examined using a Nikon Alphaphot 2 (YS2) microscope.
Infrared spectroscopy. For infrared (IR) spectroscopy, pressed discs, 13 mm in diameter (1 mg sample + 170 mg KBr) were used and the spectra were recorded on a Nicolet Magna-IR 550 Fourier transform infrared spectrometer over the range 4000-250 cm 1. The spectrometer included a cesium iodide beam-splitter and deuterated triglycine sulphate detector. Spectra were acquired at 4 cm -1 resolution and 100 scans were averaged to reduce noise. For phosphate treatment, 25 ml of 0.1 M CaC12 containing 500 mg Pdm -3 (added through KH2PO4) was equilibrated with 40 mg sediment samples for 48 h (Curtin & Syers, 1990) . The residue was separated from the supernatant by centrifugation, washed once with deionized water and freeze dried.
RESULTS
Chemical composition of water and iron sediments
The pH, Eh values and other elements in water samples from the AMD (Table 1 ) are similar to those commonly reported for water draining from metalliferous and coal mines (Brady et al., 1986; Filipek et al., 1987; Bigham et al., 1992; Winland et al., 1991) .
In general, the site has pH values <4 for most samples and Eh values were positive indicating an oxidizing environment. Sulphate was the major anion and Fe was the major cation with the exception of the conservative cation Mg. The lower values of Fe in waters may be an indication of the rapid precipitation of Fe through oxidation and hydrolysis reactions. The samples collected in July had a wider range for the total Fe values (range 0.9-61.0 gg m1-1) than the samples collected in November (range 7.4 15.0 gg ml 1) indicating a possible seasonal variation in the Fe concentration. The SOl-in AMD is important for two reasons, the first of which is the metabolic requirement for SOl by the acidophilic chemolithotrophic bacterium, Thiobacillus ferrooxidans (Lazarofl, 1963) . The concentration of SO 2 may also play an important role in determining the precipitation of various Fe minerals (Bigham et al., 1992) . Filamentous algae are ubiquitous at the site and remnants of algae could be seen in the deeper sediments as well. Algal cells are encrusted and filled with ochre sediments; encrusting is more common on the cell joints (Fig. la) . Optical microscope observations of the ochre suspensions showed many twisted stalk fragments (Fig. lb) , typical of Gallionella (Ivarson & Sojak, 1978) .
The description and properties of the ochre precipitates are given in Tables 2 and 3 . Similar to the water samples, the solid samples also contained very large amounts of Fe and SO4. Iron/S mole ratios in sediments ranged from 8.4 to 53.1 and these values are significantly higher than other reported values for such sediments (Bigham et al., 1990) . The precipitates separated from the fresh suspension contained relatively larger amounts of S and have lower Fe/S mole ratios. Sulphur values decreased significantly (29 to 83% reduction) after the oxalate treatment and the reduction was greater in samples containing higher Feo (Table 3) . In contrast, the total C and N contents increased markedly after oxalate treatment and the increase was significant for the samples with higher Feo.
Acid ammonium oxalate selectively extracts Fe minerals having short-range structural order (often referred to as poorly crystalline) in soils and sediments (McKeague & Day, 1966) . The high values for the Feo/Fet are widely used for the estimation of such minerals (Schwertmann & Fischer, 1973; Carlson & Schwertmann, 1981) . The Feo/Fet ratios ranged between 0.04 and 0.65, indicating widely variable amounts of short-range ordered Fe minerals and organic-Fe complexes in sediments (Kodama & Schnitzer, 1977) . The sediments separated from freshly seeping suspensions (large S contents) generally contained larger amounts of Feo than relatively older sediments sampled from both the surface as well as the sub-surface.
X-ray difJ?action
The XRD patterns of Fe precipitates showed reflections due to goethite and quartz. Large variations were observed in the numbers and the sharpness of goethite diffraction peaks. The XRD patterns of two samples representing the two extremes, that is sample 3 (containing a few very wide peaks of goethite) and sample 4 (with many sharp peaks of goethite), are shown in Figs. 2 and 3. For the identification of ferrihydrite and other poorly crystalline Fe minerals, samples were examined by XRD before and after oxalate treatment. The differential X-ray diffraction (DXRD) patterns were obtained by the difference between untreated and oxalate treated samples. For samples containing well-crystalline goethite (sample 4), DXRD (Fig. 3b) did not show any peak, which is consistent with small amounts of Feo (1.83%) and a small value (0.04) for the Feo/Fet ratio. However, in the case of sample 3 which contains large amounts of Feo (30.72%), DXRD (Fig. 2b) showed broad but distinct peaks at 2.50, 2.20, 1.97, 1.71 and 1.50 A. that led to the identification of ferrihydrite (Schwertmann & Fischer, 1973; Carlson & Schwertmann, 1981; Schwertmann et al., 1982) . The DXRD pattern for sample 3 also showed weak and broad peaks at 6.40 and 3.30 ,~ which indicate that lepidocrocite and/or schwertmannite may be present in this sample. As the two major diffraction peaks of schwertmannite at 3.39 and 2.55 ]~ coincide with the peaks from ferrihydrite, lepidocrocite and goethite, it is not possible to identify schwertmannite positively in the presence of these minerals by XRD, when it is present in small amounts.
The WHH for 110 reflection of goethite ranged between 0.48 and 0.96~ and for the 111 reflection values were between 0.64 and 1.0~ for all the samples. These results are similar to the values reported for bog Fe ores in temperate soils which have large Fe 2+ supply in an organic environment (Schwertmann, 1990) . The average values of mean crystal dimensions (MCD) for goethite crystals perpendicular to 110 and 1tl reflections for the samples were 10.5 and 9.0 nm, respectively.
Samples 3 and 4 were examined by XRD after heating at 150, 300 and 600~ to observe the transformation of goethite and ferrihydrite to hematite and also to identify any other intermediate phase like Fe2(SO4)3 in sample 3, which contains large amounts of S. Heating at 150~ did not affect the goethite peaks for the two samples. The width at half height (WHH) of hematite reflections for the samples heated to 300~ was significantly greater for sample 3 than sample 4, but for the samples heated to 600~
the WHH values were 
Thermal behaviour
The Fe sediments lost between 17.9 and 23% weight when heated to 500~ and up to 26.3% for the samples heated to 1000~ (Table 2) . Samples containing well-crystallized goethite (as indicated by relatively sharp XRD peaks) showed a total weight loss of 18% of which 2 3% was lost below 70~ 12% weight was lost at -260~ and 2% weight was lost at ~735~ (Fig. 4) . This weight loss is significantly larger than observed for pure wellcrystallized goethite (10.1%). The samples containing large amounts of poorly crystalline Fe oxides lost 10% weight up to 160~ 10% weight was lost at -250~ and between 2 and 4% weight was lost at ~600~ (Fig. 4) . The considerable weight loss below 160~ is consistent with the presence of large amounts of ferrihydrite (Schwertmann et al., 1982) . The low dehydroxylation temperatures (240-260~ may suggest a rather small particle size for goethite. The weight lost after the dehydroxylation of goethite (i.e. above 300~ may be due to the presence of organic compounds and similar observations were also made by DeGeyter et al. (1982) for some Belgian soils. The exothermic peaks between 280 and 300~ due to the presence of organic material became very prominent in all the samples after oxalate extraction. This is consistent with an increase in C contents in the samples after oxalate treatment (Table 3 ). The total weight loss for the samples after oxalate extraction remained approximately similar to those recorded for the untreated samples. The appearance of the exothermic peaks immediately after the endothermic peaks may suggest that some of the organic matter present in the sample remains protected until goethite loses its structural water,
Colour, particle size and morphology
The samples containing poorly crystallized minerals and large amounts of S were generally red to reddish yellow in colour compared to a brown or yellowish brown colour for the samples containing goethite and smaller amounts of S (Table 2) (Fig. 2) . (b) The DXRD pattern derived from patterns in Fig. 3(a) showing no observable peak for any mineral which is consistent with a small amount of oxalateextractable Fe (1.83%).
higher S levels and larger amounts of poorly The AMD precipitates did not readily disperse and crystalline Fe oxides relative to goethite was also most of the material remained in electron-dense observed by Brady et al. (1986) .
aggregates as shown in Fig. 5a . In samples containing poorly crystallized materials, aggregates are composed of extremely fine paticles or crystals (sample 3 in Fig. 5b ). The aggregates in these samples had the superficial appearance of remnants of algae (Fig. 5a ) as if the crystals were growing on the microbial biomass. The SAED taken from the smallest diffraction aperture (0.5 p,m) shows a mixture of goethite and lepidocrocite (Fig. 5c ) or poorly and finely crystallized lepidocrocite on its own. In the presence of strongly diffracting lepidocrocite and goethite, it is difficult to fred any evidence for the presence of ferrihydrite from SAED.
The samples containing moderately well-crystallized goethite exhibited a rod-shaped morphology (sample 4, Fig. 5d ,e) with a rod length of <0.1 ~tm. Typical pin-cushion morphology reported for schwertmannite was not observed in any of the samples examined by TEM.
Infrared spectroscopy
The IR spectra for samples 3 and 4 are shown in Fig. 6 . In sample 4, which contains fairly wellcrystallized goethite, two broad OH-stretching vibrations were observed between 3500 and 3000 cm 1, one around 3400 cm a corresponds to adsorbed water and that at 3180 cm 1 can be attributed to OH vibration in the goethite structure. The adsorbed water band at 3400 cm -1 was more prominent in ferrihydrite-rich sample 3 (Fig. 6a) . Both the samples have an OH-bending vibration at 1640 cm -1 that is once again due to the adsorbed water. The presence of relatively large amounts of SO4 in sample 3 (9.3% SO4) was confirmed by three SO4-stretch vibrations at 970, 1050 and 1125 cm -1. The two OH vibrations at 795 and 890 cm -a due to goethite were very weak in sample 3. Harrison & Berkheiser (1982) reported that, for a bidentate complex (C2v) of SO ] on Fe oxides, three bands are present at 1170, 1125 and 1050 cm -1 in air-dried samples. The band at 1170 cm -1 is usually very broad (Fig. 6a ) which is consistent with the published results (Parfitt & Smart, 1978; Brady et al., 1986; Bigham et al., 1990) . A broad band at 690 cm -1 is present in sample 3 and this adsorption feature was also observed by Bigham et al. (1990) in a bacterial acid mine precipitate and in akagan6ite, and they assigned it to Fe-O stretch.
It may be noted that PO4 treatment resulted in the elimination of the SO4 bands in sample 3 and in appreciable diminution of their intensity in sample 4. These results suggest that SO4 is largely associated with the surface of the Fe minerals. However, the IR results did not confirm whether SO4 is specifically adsorbed onto ferrihydrite or part of the structure as in schwertmannite as the band at 610 cm i used for this distinction is overlapped by another band of goethite. The close resemblance of the IR spectrum of sample 3 with published spectra of samples containing schwertmannite (Brady et al., 1986; Bigham et al., 1990) together with XRD and chemical analyses results, may indicate the presence of this mineral in small amounts in sample 3.
X-ray photoelectron spectroscopy
The S2p peak is clearly much stronger in sample 3 than in sample 4 in an untreated state (Fig. 7) . The intensity of this peak is significantly reduced by surface etching and the reduction is significantly greater in sample 3 than in sample 4. Similarly, treatment with PO4 also dramatically reduces the intensity of the Szp peak in sample 3 compared to sample 4. About 70% of the S was removed by the PO4 treatment in sample 3 whereas ~70% of the S in sample 4 could not be replaced by the PO4 treatment. These results corroborat~ findings from other techniques that sample 3 contains more S and that most of this is adsorbed as SO]-on the surface which could be removed by surface etching or exchanged by other specifically adsorbed anions like PO4.
DISCUSSION
The presence of ferrihydrite and goethite, of Fe 2+ in water samples and the presence of Fe oxidizing bacteria in AMD samples indicate that Fe 2+ is involved in the crystallization of Fe oxides. Ferrihydrite, a young Fe oxide, is believed to form in natural environments where the supply and oxidation rate of Fe 2+ is large and organic matter is present (Schwertmann & Taylor, 1989) . The coexistence of ferrihydrite and goethite is an indication of environmental conditions that are not favourable for crystal development. The mineralogy of the acid mine ochres is consistent with past studies (Brady et al., 1986; Milnes et al., 1992) . Goethite is by far the most dominant Fe oxide mineral on this site and the mineral is present in all the samples. This is, however, contrary to the observations made by Bigham and co-workers who have shown that goethite is a minor constituent of acid mine sediments under acid conditions (Bigham et al., 1992; Bigham, 1994) . High goethite content could be due to the ageing of the acid mine sediments at this site which is consistent with the findings of Bigham et al. (1996b) . From a laboratory study they concluded that schwertmannite was completely transformed into goethite in 543 days and concluded that goethite is ultimately the most stable mineral phase associated with acid mine sediments.
In natural systems ferrihydrite is considered to be the precursor of hematite and goethite but hematite is absent in our samples. According to Comell & Wavenumber (cm 1) F~a. 6. Infrared spectra of (a) sample 3 and (b) sample 4 (b) in untreated and phosphate-treated forms. Schwertmann (1979) experiments indicate that its formation is favoured by the direct and slow oxidation of Fe 2+ and inhibited by low pH and high activities of A13~, S042 and HC03 (Bigham, 1994) . Hydrolysis of unaged Fe(III) chelates of compounds common in soils can also lead to the formation of lepidocrocite (McHardy et al., 1974) which is quite possible in fresh seep in close association with microbial biomass. The presence of organic compounds and high concentration of SO4 may have inhibited the formation of lepidocrocite in the iron precipitates (Dousma et al., 1979; ). The small amount of lepidocrocite possibly present in fresh seeps dissolves in older sediments and crystallizes into the thermodynamically more stable goethite. The low pH values favour the dissolution of lepidocrocite and formation of goethite (Fitzpatrick et al., 1985) .
As with lepidocrocite, there is uncertainty about the presence of schwertmannite in fresh sediments. According to the geochemical model proposed by Bigham and co-workers (Bigham et al., 1992; Bigham, 1994; Bigham et al., 1996b) , the environmental conditions do not favour the existence of schwertmannite at this site. The SOlconcentration in water on the site is <620 lag ml 1 whereas schwertmannite forms when the SO] concentration in water is >1000 lag ml i. The Fe/S molar ratio according to the proposed model should be between 4.6 and 8.0 and in this study only two samples have a value close to this range. The optimum pH range (2.8-3.2) for the ochre-associated water is only encountered in one sample (Bigham et al., 1996a) .
Iron bacteria play an important role in the oxidation of Fe z+ and crystallization of Fe oxides. A variety of micro-organisms, including a filamentous alga which was ubiquitous, were identified in the AMD. Figure 5a shows the superficial appearance of fragments of filamentous algae encmsted with Fe precipitates. Intracellular filling with ochre sediments was also observed in filamentous algae (Fig. l a) . Extracellular appendages excreted by Gallionella, exhibiting a typical twisted structure were observed under an optical microscope (Fig. lb) . There is indirect evidence for the presence of Thiobacillus ferrooxidans, as the jarosite was crystallized using FeSO4 solutions containing alkali cations in the presence of bacterial cells, added from the fresh seep (Ivarson et al., 1979) .
We observed an intimate association between Fe sediments and microbes as shown by optical and TEM micrographs (Figs. 1 and 5) . The increased C and N contents of the Fe precipitates after oxalate treatment (Table 3) indicate that organics may be trapped and that minerals have developed around the organic materials which is consistent with the observation made by Ferris et al. (1989) . Thermal analyses of the sediments support these results. The C:N ratios for various sediments after oxalate treatment have a very narrow range (13 to 18) compared to C:N ratios between 16 to 28 for untreated samples. This may indicate that Fe minerals are precipitating on the surfaces of micro-organisms (bacteria and algae) and the C:N ratio of oxalate-treated samples may reflect the chemical composition of the organisms. The ability of bacteria to serve as nucleation sites for mineral formation depends primarily on anionic polymers binding metallic ions and this step is probably most important during the rapid oxidation of Fe z+ and the initial precipitation of ferrihydrite. The molecular components in the envelopes of bacteria are believed to be particularly reactive and accumulate metal on the surface of cells (Ferris & Beveridge, 1985) . The subsequent dissolution of ferrihydrite and crystallization of goethite is probably effected primarily by the filamentous algae. There is a localized rise in pH from the CO2 consumption and the production of Oz during photosynthesis by filamentous algae (Ghiorse & Ehrlich, 1992) . The oxidized products may encrust the algae due to the specific affinity of surface structures because of its composition and charge. The exact role of microorganisms in the crystallization of Fe oxides is, however, not clear from these results, and requires further investigation CONCLUSIONS Goethite and ferrihydrite are the major minerals in the ochre sediments of the AMD site. Ferrihydrite dominates in the fresh sediments whereas goethite is common in the older sediments. There is no clear evidence for the presence of schwertmannite which is considered to be a common mineral in acid mine sediments. Environmental conditions, such as high SO4 concentration and low pH in the acid mine water, favourable for the crystallization of schwertmannite, are not encountered at the site.
Intimate association of ochre precipitates with filamentous algae indicate that algae may be acting as nucleation sites for the crystallization of ferrihydrite in fresh sediments.
